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Tunable resonant grating filters 

The invention concerns a tunable resonant grating filter, especially adapted for 
wavelength-division multiplexed optical communication networks. In particular the invention 
relates to a tunable resonant grating filter used as tunable mirror in an external-cavity tunable 
5 laser for wavelength-division multiplexing. 

Related art 

Guided-mode resonance effect in planar waveguide gratings can be utilized to produce 
ideal or nearly-ideal reflection filters. For an incident wavelength (or frequency) equal to the 
respective resonant wavelength of the filter, the incident radiation is dominated by resonant 

10 reflection and transmission through the device is precluded. For all other values of incident 
wavelength, the device is substantially transparent. 

Properties of resonant grating filters have been studied. In "Multilayer waveguide-grating 
filters" by Wang S.S. and R. Magnusson, published in Applied Optics, vol. 34 (1995), p. 2414, 
resonance reflection filters constructed with multiple thin-film layers are addressed. In "Design 

15 considerations for narrow-band dielectric resonant grating reflection filters of finite length" by 
Donald K.J. et al., J. Opt. Soc. Am. A (2000), p. 1241, a multiple-scattering interference- 
waveguide approach is developed to predict the response of a resonant grating reflection 
filter. 

Generally, the structure of a resonant grating filter comprises a diffraction grating with 
20 high-index and low-index regions, which is located on a waveguide layer, typically placed on 
a substrate that supports the layer(s). The waveguide layer, or core layer, serves as a cavity 
in which discrete modes can propagate. The grating on top of the waveguide couples an 
incident illumination plane wave to the discrete modes within the waveguide. 

As explained in "Resonant Grating Waveguide Structures" by Rosenblatt D. et al., 
25 published in IEEE Journal of Quantum Electronics, vol. 33 (1997), p. 2038, when a resonant 
grating waveguide structure is illuminated with an incident light beam, part of the beam is 
directly transmitted and part is diffracted and subsequently trapped in the waveguide layer. 
Some of the trapped light in the waveguide layer is then rediffracted out so that it interferes 
with the transmitted part of the light beam. At a specific wavelength and angular orientation of 
30 the light beam, the structure "resonates", i.e., complete destructive interference between the 
directly transmitted field and diffracted contributions occurs and no light is transmitted. The 
bandwidth of the resonance is based on parameters such as depth, duty cycle (the ratio of 
step width to grating period) and refractive index contrast of the grating, as well as thickness 



CONFIRMATION COPY 



WO 2005/064365 



PCT/EP2003/014917 



2 

of the waveguide layer. The bandwidth can be designed to be very narrow (on the order of 
0.1 nm). 

In "Very narrow spectral filters with multilayered grating-waveguide structures" by G. 
Levy-Yurista and A.A. Friesem, published in Applied Physics Letters, vol. 77 (2000), p. 1596, 
5 a resonant grating-waveguide structure is described, in which the grating layer is separated 
from the waveguide layer by a buffer layer which serves also as a stop layer of the etching 
process. It is said that by separating the waveguide and the grating layers, it is possible to 
optimize and control their thickness to a higher degree. 

The resonance wavelength of a resonant grating filter can be controlled by varying the 
10 refractive index of the different layers in the structure. Such a variation of the refractive index 
leads to a different phase matching condition, and accordingly to a resonance wavelength 
shift. For example, refractive index variations can be induced by applying an external electric 
field. In "Active Semiconductor-Based Grating Waveguide Structures" by Dudovich N. et al., 
published in IEEE Journal of Quantum Electronics, vol. 37 (2001), p. 1030, active grating 
15 waveguide structures with InGaAsP/lnP materials and based on a reverse-voltage 
configuration are described. 

Tunable optical filters have many applications in optical telecommunications, in particular 
in wavelength division multiplexing (WDM). In WDM systems, several channels with a 
different wavelength are transmitted over an optical fiber, each channel carrying different 
20 information. A tunable filter can be used to select and filter out one arbitrary channel. In order 
to accommodate increasing optical communication traffic, dense WDM (DWDM) systems with 
channel spacing of 50 GHz and eventually of 25 GHz are under development. DWDM 
systems with 50 GHz channel spacing typically require frequency accuracy of ±2.5 GHz, 
whereas systems with 25 GHz generally require an accuracy of ±1.25 GHz. As DWDM uses 
25 narrower channel spacing, the passing band of the filters should also narrow in order to avoid 
cross-talk between different channels. 

Resonant grating filters are particularly suitable as tunable filters for applications in WDM 
systems, owing to the relatively high intrinsic wavelength selectivity that is created from the 
resonance condition, thereby making narrow FWHM in principle possible (ideally down to 0.1 
30 nm, or even lower). 

"A tunable Subwavelength Resonant Grating Optical Filter by Hua Tan et al., published in 
the proceedings of LEOS 2002, p.825, describes resonant grating filter in which tuning of the 
resonant wavelength is obtained by tuning a liquid crystal (LC) layer, which is placed as a 
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cladding layer for the filter. A tuning range of 17 nm was achieved, while simulations showed 
that the LC filter had the potential of achieving 55 nm tuning range and 0.1 nm bandwidth. 

The use of lasers as tunable light source can greatly improve the ^configurability of 
WDM and DWDM systems. For example, different channels can be assigned to a node by 
5 simply tuning the wavelength. 

Different approaches can be used to provide tunable lasers, distributed Bragg reflector 
lasers, VCSEL lasers with a mobile top mirror, or external-cavity diode lasers. External-cavity 
tunable lasers offer several advantages, such as high output power, wide tuning range, good 
side mode suppression and narrow bandwidth. Various laser tuning mechanisms have been 
10 developed to provide external-cavity wavelength selection, such as mechanically adjustable 
or electrically activated intracavity selector elements. 

Wavelength selection and tuning of a laser cavity can be performed by using an active 
tunable mirror. US patent No. 6,215,928 describes an active tunable mirror including a 
diffraction grating formed on a planar waveguide and a cladding layer which at least fills the 
15 interstices of the diffraction grating. The cladding can be formed of a liquid crystal material 
that can be electro-optical ly tuned. The resonant wavelength may be shifted by varying the 
voltage or current supplied to the electro-optically controlled element. 

U.S. patent No. 6,205,159 discloses an external-cavity semiconductor laser that tunes to 
a discrete set of wavelengths by changing the voltage to a liquid crystal Fabry-Perot (LC-FP) 
20 interferometer. The discrete set of wavelengths one may tune to is defined by a static 
intracavity etalon. The static intracavity etalon's free spectral range (FSR) is designed so that 
it is greater than the resolution bandwidth of the LC-FP interferometer. The FWHM linewidth 
of the static etalon must be less than the external cavity longitudinal mode spacing. 

Applicants have noted that structural parameters, such as thickness of the waveguide or 
25 grating layers or grating period, of the resonant grating filters are crucial in order to obtain a 
filter having a relatively high tuning range, for instance not smaller than 30-40 nm, and a 
relatively narrow bandwidth at FWHM, preferably not larger than 100 GHz (0.8 nm), as 
required for instance as tunable element in tunable lasers for WDM systems operating in the 
erbium C-band with 100 GHz spaced channels. 
30 JP patent application No. 63-244004 describes a waveguide grating element which can 
be used to produce a deflection element or a focus lens. In the described device, light is 
incident laterally along the waveguide. Changes in the refractive index of the LC material 
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induce variations in the light deflection angle making it possible to control the angle of the 
output light by means of an externally applied voltage. 

Similarly, US patent No. 5,193,130 discloses a light deflecting device in which a voltage 
signal changes the aligning direction of a LC layer near the surface of a waveguide layer. In 
5 the described device, waveguide light propagating along the waveguide is separated into two 
light beams: the first radiated to the LC and the second radiated towards the substrate due to 
the presence of a grating. The direction of the radiated light outside of the waveguide layer is 
changed by applying a voltage signal. 

Summary of the invention 

10 The invention relates to a tunable resonant grating filter that can reflect optical radiation at 
a resonant wavelength, said resonant wavelength being selectively variable. The filter 
comprises a periodic structure having low-(refractive) index and high-index regions, i.e., a 
diffraction grating, a planar waveguide and a light transmissive material having a selectively 
variable refractive index to permit tuning of the filter, said light transmissive material forming a 

15 tunable cladding layer for the waveguide. The light transmissive material is preferably an 
electro-optical light-transmissive material, more preferably a liquid crystal (LC) material. 

Optical properties of resonant grating filters are governed by their structural 
characteristics, such as thickness of the grating layer, thickness of the waveguide layer or 
index contrast between the low-index and the high-index regions of the grating. Applicants 

20 have observed that an appropriate choice of structural characteristics of the device results in 
a useful trade-off between narrow bandwidth and wide-range tunability. 

Applicants have found that by placing the diffraction grating on the opposite side of the 
tunable layer with respect to the planar waveguide it is possible to tailor the grating structural 
parameters to the desired bandwidth of the filter response without significantly affecting the 

25 tunability of the filter. In other words, a resonant structure including a diffraction grating under 
the waveguide allows flexibility in the selection of a suitable grating structure having a 
relatively small coupling efficiency, as required for bandwidth resolution, while attaining the 
desired tuning range. Within this resonant structure, the core layer, i.e., the waveguide, can 
be placed close to the tunable layer, either in direct contact with the tunable layer or with an 

30 interposed relatively thin intermediate layer(s) between the core and the tunable layer. 
Proximity of the core layer to the tunable layer implies that the propagation mode can 
significantly extend into the tunable layer so that the effective refractive index of the 
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fundamental mode in the waveguide is efficiently affected by variations of the refractive index 
of the tunable layer. 

Applicants have realized that a grating with a relatively low coupling efficiency is desirable 
in order to obtain a resonant filter exhibiting a relatively narrow bandwidth. Preferably, in 
5 order to obtain a bandwidth at FWHM not larger than about 0.6 nm (suitable in particular for 
tunable lasers DWDM systems with 50 GHz channel spacing) the coupling coefficient should 
be not larger than about 0.0026. More preferably, the coupling efficiency should be comprised 
between about 0.001 and 0.002. 

By manufacturing a resonant grating structure in which the core layer is interposed 
10 between the grating and the tunable layer fabrication tolerances of some of the structural 
parameters can be relaxed as tuning range is demonstrated to be less affected by variations 
in the grating parameters. In addition, there is no need of fabricating a grating with small 
thickness, i.e., smaller than 150-200 nm, in order to obtain a weak grating, i.e., with coupling 
coefficient not larger than 0.0026. 
15 The tunable resonant grating filter of the present invention is particularly suitable for 
applications in external-cavity tunable lasers for DWDM systems with 50 GHz and 25 GHz 
channel spacing design. The tunable resonant grating filter of the present invention can be 
made tunable over the entire erbium C-band (1530-1570 nm). 

In one of its aspects, the invention relates to an external-cavity tunable laser comprising a 
20 tunable resonant grating filter. 

Brief description of the drawings 
Fig. 1 is a simplified illustration of the layer structure of a resonant grating filter and the 
relevant incident and diffracted waves for normally incident radiation. 

Figs. 2(a) to 2(c) show the calculated bandwidth at FWHM of a resonant grating filter as a 
25 function of the diffraction grating thickness for different values of the thickness of the core 
layer. In (a) the refractive index contrast, An G /n G , is 0.26, in (b) 0.07 and in (c) 0.04. 

Fig. 3 is a simplified illustration of the layer structure of a resonant grating filter comprising 
a "gap" layer between the core and the grating layers. 

Fig. 4 displays the calculated bandwidth at FWHM of a resonant grating filter of the type 
30 shown in Fig. 3 as a function of the diffraction grating thickness for different values of the 
thickness of the gap layer ranging from 0 nm (no gap layer) to 300 nm (the value of the 
thickness of the core layer is the same for all curves). 
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Figs. 5(a) and 5(b) show the normalized optical mode distribution (solid line) with respect 
to the different layers of the structure of a resonant grating filter of the type of Fig.1 for two 
different values of the refractive index n n of the tunable layers, n-,=1 .5 (a) and n^1 .7 (b). 

Fig. 6 is a simplified illustration of the layer structure of a resonant grating filter comprising 
5 an "intermediate" layer between the core and the tunable layers. 

Fig. 7 displays the calculated tuning range as a function of the core layer thickness for 
different values of the thickness of the intermediate layer ranging from 0 nm (i.e. no 
intermediate layer) to 200 nm. 

Fig. 8 is a simplified illustration of the layer structure of a resonant grating filter according 
10 to an embodiment of the present invention. 

Figs. 9(a) and 9(b) reports a comparison between the optical properties of a structure of 
the type of Fig. 1 and those of a structure of the type shows in Fig. 8, the latter structure 
having no intermediate layer. In (a) the bandwidth at FWHM is shown as a function of grating 
thickness, whereas in (b) the tuning range is reported, always as a function of the grating 
15 thickness. 

Fig. 10 is a simplified illustration of the layer structure of a resonant grating filter according 
to a further embodiment of the present invention. 

Fig. 11 displays the calculated bandwidth at FWHM as a function of the coupling 
efficiency, exemplary of the FWHM dependence on the "strength" of the diffraction grating. 
20 Figs. 12(a) and 12(b) show the calculated bandwidth at FWHM (a) and the tuning range 
(b) of a resonant grating filter of the type shown in Fig. 10 as a function of the diffraction 
grating thickness for different values of the thickness of the gap layer. 

Fig. 13 reports for comparison the calculated tuning range as a function of the grating 
thickness of a resonant grating filter of the type shown in Fig. 3 for different values of the 
25 thickness of the gap layer, ranging from 0 nm (i.e. non gap layer) to 300 nm. 

Fig. 14 is a schematic view of an external-cavity tunable laser including a grating resonant 
filter according to an embodiment of the present invention. 

Detailed description 

Applicants have studied a structure of the resonant grating filter (also referred to as the 
30 resonant structure) of the type schematically depicted in Fig.1. Resonant structure 1 
comprises a waveguide, i.e., core layer 4, formed on a underlying cladding layer 5 and a 
diffraction grating layer 3 including low-index regions 6 and high-index regions 7 having 
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refractive index n L and n H , respectively. The refractive index contrast between the low- and 
the high-index regions of the grating, An G /n G , is defined as 

An G n H -n L ^ 
n G [Fn L +(1-F)n H J 

5 

where n G is the average value of the refractive index of the grating and F the duty cycle of the 
grating. 

A cladding layer 2 is formed on grating 3, the cladding layer being formed of a tunable 
material, preferably of a LC material having a relatively wide range of selectable refractive 

10 indices. The refractive index of the core layer 4, n c , is larger than the surrounding layers to 
guarantee confinement of the optical modes along the waveguide. Layer 5 could be optionally 
grown on a substrate (not shown) or be itself (function as) a substrate. For example, the core 
layer 4 can be made of Si 3 N 4 , layer 5 can be made of (undoped) Si0 2 , preferably grown on a 
Si substrate (not shown). Alternatively, layer 5 can be a glass substrate on which the core 

15 layer is grown. 

By defining a Cartesian coordinate system (x,y,z) with reference to the main directions of 
the filter, the z-axis being normal to the main surface of the waveguide, when a light beam 
impinges on structure 1, light is diffracted by grating 3. In the example shown in Fig.1, 
incidence is normal to the structure, i.e., along the z direction. The grating is preferably 

20 designed with a period A such that only the zero order and the first diffracted order are 
allowed to propagate in the waveguide; all other diffracted orders are evanescent. The zero 
order will propagate along the z direction across the multilayer structure, while the first 
diffracted order will propagate inside the core region with a diffraction angle which is 
dependent mainly on the grating period and on the core refractive index. If the diffracted 

25 angle exceeds the critical angles defined by the interfaces 8 and 9 between the core layer 4 
and the surrounding layers (within the present approach the grating is treated as a small 
perturbation and therefore considered to be an interface), the diffracted order will propagate 
in the waveguide along the x-axis. The critical angle of an interface between two layers of 
different refractive index is defined as the minimum angle at which total reflection occurs, 

30 namely by referring to Fig. 1 , sin© 1t3 =n 1>3 /nc. 

Under resonance condition, the incident light is coupled to the fundamental mode 
propagating in the core layer along the x-axis. The light propagating along the x-axis with a 
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defined propagation constant (3 is diffracted by the periodic perturbation (the grating) and 
exits again the waveguide. The periodic perturbation couples the light back into the z 
direction with a resulting reflection along the z-axis at the resonance wavelength. All other 
wavelengths are substantially transmitted through the device. At resonance, standing waves 
5 are produced in the waveguide layer that behaves like a resonant cavity in which light is 
confined by total internal reflections with a consequent energy build-up. 

For resonance to occur, the value of p of the fundamental mode in the tangential 
direction, i.e., along the x-axis, at the grating-core interface is given by 

10 k/+kg=^ (2) 

where k* is the component along the x direction of the wave number of the incident beam and 
kg is the wave number of the grating, defined as 

15 k g = (3) 

A 

where A is the grating period. As in the present case we consider normal incidence, k, x =0. 
Therefore, the relation between the propagation constant of the fundamental mode and the 
grating period is given by 

20 

i3 = ^x (4) 
A 

Although in Fig. 1 a normal incidence of the light beam is illustrated and discussed, the 
condition of normal incidence is not a necessary requirement. When incidence at an angle $ 
25 is considered, the resonance condition should take into account also the angular orientation 
of the beam as it occurs at a specific resonance wavelength X Q and angle S 0 . 

It is known that the resonance wavelength X 0 is a non trivial solution of the eigenvalue 
problem given by 
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tg(u-t c ) = 



u(w 2 +w 5 ) 
u 2 - w 2 w 5 



(5) 



where t c is the waveguide (core) thickness, u is the modal parameter of the propagating 
waves in the core, and w 2 and w 5 are the modal parameters of the cladding layers 2 and 5 
5 (Fig.1). The modal parameters can be expressed by the following equations 



10 where X is the wavelength of the incident light. 

Following a multipath interference approach of the transversal resonance, it is possible to 
derive an analytical expression of the bandwidth of the spectral response of the structure at 
resonance as a function of the grating and waveguide parameters. The reflection efficiency of 
the first diffracted order in the core layer can be expressed in terms of the effective grating 

15 strength experienced by the diffracted order, r| d , as 



where cp(A,) is the round-trip phase experienced by the diffracted order in the waveguide 
20 region and includes the phase shifts associated with the optical path of the cavity, the two 
boundary reflections at the two core interfaces and the coupling due to diffraction. The 
spectral behavior at wavelengths X near the resonance wavelength X 0 (and at angles near & 0 ) 
is therefore generally Lorentzian. 

The effective grating strength, r\ dl represents the coupling efficiency of the grating into a 
25 diffraction order and depends on the wavelength, diffraction order, incidence diffraction angle 
as well on grating parameters such as grating thickness, t G , refraction index contrast, An G /n G 
and grating period A. In case diffraction occurs only in first order, the coupling efficiency 
corresponds to the first-order diffraction efficiency and it can be expressed by the ratio of the 




(6) 




(7) 



R(A) = 



^ d 2 +4(1-77 d )sin 2 <p{X)/2 



(8) 
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optical power of the first-order propagating mode to the incident optical power. Essentially, 
the coupling efficiency tells how effective a grating (coupler) is at redirecting light into a single 
direction in space. Hereafter, the effective grating strength will be referred to as the coupling 
efficiency. 

The change in <?(X) that produces an intensity of 1 / 2 gives a FWHM dephasing bandwidth 

of 



A^FWHM = 4s ' n " 



(9) 



10 The dephasing bandwidth can be expressed also as a change in the tangential component as 



A^fwhm = 4sin" 1 



»7d 





dtp 




d/? 



(10) 



W here k 0 is the wave number in free space at the peak wavelength X 0 and d<p/dp is defined as 
15 the modal dephasing rate and represents the rate of change of the phase with respect to the 
tangential component. The modal dephasing rate is defined as 



d<p 



21 
u 



1 1 

t c + + — 



(11) 



20 Generally, a relatively high refractive index contrast between the core and the cladding layers 
leads to a relatively large value of modal dephasing rate and thus to a relatively small value of 
bandwidth at FWHM [see Eq. (10)]. 

Equation (10) indicates that the bandwidth decreases with decreasing r| d and increasing 
modal dephasing rate. Therefore, structures having a grating with a relatively small value of 

25 r| d may exhibit a relatively narrow bandwidth of the spectral response. Gratings characterized 
by a small value of coupling efficiency, r) d , into the diffracted mode(s) are also referred to as 
"weak" gratings, indicating that they have a relatively low grating strength as experienced by 
the propagating diffracted mode(s). 
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Figures 2(a) to 2(c) show the calculated bandwidth at FWHM of a resonant structure of 
the type illustrated in Fig.1 as a function of the grating thickness t G for three different values of 
core thickness, namely t c =200 nm (thick solid line), 300 (dot-dashed line) and 400 nm (thin 
solid line with squares). In the calculations the following parameters were assumed: the 
5 refractive index of core layer 4, n c = 1 .96, while the refractive index of both the cladding layer 5 
and regions 6 (the low-index regions) of grating 3, n L =n 3 =1.445. The refractive index of the 
high-index regions 7 of the grating takes three different values in the graphs of Figs. 2(a) to 
2(c). Figure 2(a) refers to a grating index contrast An G /n G =0.26, in Fig. 2(b) An G /n G =0.07 and 
in Fig. 2(c) An G /n G =0.04. Calculations of FWHM were derived from Eq. (10). The reference 

10 wavelength in the calculations is 1.55 \xm. 

As general consideration, the FWHM is observed to increase with increasing grating 
thickness, t G . However, increase is much more pronounced in case of relatively high index 
contrast (An G /n G =0.26) than in case of relatively small index contrast (An G /n G =0.07 and 0.04). 
In case of An G /n G =0.26, a steep increase with t G is observed, for example increasing the 

15 grating thickness from 50 nm to 80 nm leads to an increase of more than a factor of two in the 
bandwidth at FWHM [Fig. 2(a)]. Although not shown in Fig. 2(a), for An G /n G =0.26 a value of 
grating thickness of about 200 nm results in a FWHM of 20 nm. On the contrary, for 
An G /n G =0.04 grating thickness of 200 nm or larger may still ensure values of FWHM nor 
larger than 0.5 nm. 

20 From the results shown in Figs. 2(a) to 2(c) we infer that in order to have a relatively low 
bandwidth at FWHM, i.e., not larger than about 0.6 nm, as required for instance in tunable 
lasers for DWDM applications with 50 GHz channel spacing, the grating should be selected to 
have either a very small thickness, i.e., t G not larger than 30 nm if the grating index contrast is 
relatively high, or a relatively low index contrast, i.e., not larger than about 0.07 in the 

25 examples shown. 

The first option of selecting a grating in the resonant structure of Fig. 1 with t G of a few 
tens of nm (e.g., 30 nm), which would allow relatively high index contrast An G /n G (e.g., 0.26), 
would make grating manufacturing particularly cumbersome, especially considering that most 
technologies, such as chemical vapor deposition or etching, have fabrication tolerances of 

30 few nanometers. On the other hand, selecting a low index contrast of not more than 0.05, 
preferably comprised between 0.03 and 0.04, allows manufacturing of gratings with thickness 
of at least 150-200 nm. 
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Figures 2(a) to 2(c) indicate that an increase of the core thickness t c induces a decrease 
of FWHM for a given value of grating thickness and of grating index contrast. More generally, 
a relatively large thickness of the core layer and/or a high refractive index of the core 
compared to those of the cladding layers produce a relatively low bandwidth at FWHM. 
5 However, in case of high index contrast [Fig. 2(a)], for a core thickness of 400 nm a 
bandwidth at FWHM not larger than 0.5 nm is obtained only for a grating thickness of less 
than 40 nm. 

More generally, spectral response with low bandwidth at FWHM can be realized in a 
structure having a "weak" grating, i.e., a grating with a relatively small value of coupling 
10 efficiency, r|d. A weak grating can be obtained for instance by either by selecting thin grating 
structures (small t G ) or grating structures with low index contrast (small An G /n G ). It is to be 
understood that fulfillment of both conditions leads as well to small values of grating 
strengths. 

A small coupling efficiency of the grating can be obtained by inserting a layer, referred to 

15 as a gap layer, between the core layer and the grating layer. The presence of a gap layer 
reduces the superimposition between modal field and periodic region, thus weakening the 
diffractive effect of the field. Figure 3 schematically illustrates a resonant structure 12 
including a gap layer 10 placed between the core layer and the grating layer. The structure 
comprises also a glass sheet 1 1 that acts as cover plate for the tunable layer 2. A cover plate 

20 is preferred in case the light-transmissive material is a LC material. The same reference 
numerals are given to elements of the resonant structure corresponding to those shown in 
Fig. 1 and their detailed explanation is omitted. 

Figure 4 reports the bandwidth at FWHM of the resonant structure of Fig. 3 as a function 
of the grating thickness, t G , for different values of thickness of the gap layer, t gap , ranging from 

25 0 nm (i.e., no gap layer, thus the structure is equivalent to that illustrated in Fig.1) to 300 nm. 
Calculations of FWHM were derived from Eq. (10), where the following structural parameters 
were assumed: An G /n G =0.26, t c =200 nm, A=950 nm, n c =1.96 (Si 3 N 4 ), and n 3 =1.445 (undoped 
Si0 2 ). In the present example, the gap layer is made of Si0 2 . The curve for t gap =0 nm 
corresponds to the curve reported in Fig. 2(a) for 10=200 nm. Results illustrate that values of 

30 FWHM decrease with increasing thickness of the gap layer. For instance, for a grating 
thickness t G =30 nm, the value of FWHM for t gap =300 nm is about a factor 1 .7 smaller than the 
value for t qa n=0. 
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Besides having a spectral response having a suitable bandwidth, e.g., compatible with 
DWDM applications, the resonant grating filter should exhibit a wide-range tunability, i.e., a 
large tuning range. Preferably, the tuning range is not smaller than 10 nm, more preferably 
not less than 30-40 nm, e.g., for applications requiring a tuning range that covers the erbium 
5 C-band. 

Tunability implies a shift of resonance wavelength in the resonant grating filter. In order to 
shift the resonance wavelength, the solution of the eigenvalue problem (Eq. 5) should shift. 
One way to change the resonance condition, i.e., to shift the resonance wavelength, is by 
varying the refractive index of one of the layers of the resonant structure which influence the 
10 effective refraction index, n e tf, of the propagation mode in the core. 

To a first approximation, the resonance wavelength, X 0 , can be expressed by 

X 0 = n ef fA (12) 

15 where A is the grating period. The tuning range AA, 0 of the resonance wavelength can then be 
given by 

AA-o = An ef fA, (13) 

20 indicating the direct proportionality between AX 0 and the variation of the effective refractive 

index, An 8 ff, of the propagation mode. 

The core layer and the periodic structure (grating) are not good candidates for tunable 

layers, i.e., layers in which the refractive index is varied to tune the resonance wavelength, 

because change in their refractive index would strongly affect the bandwidth at FWHM and 
25 thus would hinder the uniformity of spectral response of the structure at different resonance 

wavelengths. 

It is therefore preferable to achieve tuning by varying the refractive index of a cladding 
layer of the resonant structure. In the resonant structure of Fig.1, the tunable layer is cladding 
layer 2, which is preferably made of a liquid crystal (LC) material having a wide range of 
30 selectable indices of refractions. The refractive index of the LC layer varies in response to 
an electric field applied to it, making the resonant grating structure electrically tunable. 

Applicants have observed that in order to achieve efficient tunability, the optical mode 
profile of the propagation mode should spatially extend so as to significantly overlap the 
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tunable layer. In this way, a variation in the refractive index n-t of the tunable layer will lead to 
a significant variation of the effective refractive index n eff of the propagation mode in the 
waveguide. Figures 5(a) and 5(b) report two examples of optical mode profile with respect to 
the different layers of a resonant structure of the type shown in Fig. 1. In Figs. 5(a) and 5(b), 
5 the resonant structure also comprises a glass plate for covering the LC material. The modal 
field was computed by means of a commercial software based on a finite difference time 
domain technique. The amplitude of the fundamental optical mode is shown in the top part of 
Figs. 5(a) and 5(b). Structural parameters assumed in the simulations were the following: 
An G /n G =0.26, t c =200 nm, A=950 nm, n c =1.96 (Si 3 N 4 ), and n 3 =1.445 (undoped Si0 2 ) and t G =30 

10 nm. The refractive index n-, of the tunable cladding layer (LC material) varies from 1 .5 to 1 .7. 
In Fig. 5(a) rii=1.5 t whereas in Fig. 5(b) n n =1.7. The fundamental propagation mode of the 
resonant structure is quasi-Gaussian and exhibits a "tail" extending into the tunable layer, the 
tail representing the spatial overlap of the mode into the layer. The extent of overlap in the LC 
layer and the curve shape of the fundamental mode is affected by the variation of the 

15 refractive index n 1? as it can been seen from the comparison between Fig. 5(a) and Fig. 5(b). 
The calculated effective refractive index, n e ff, for n 1 =1-5 resulted to be 1.5995, whereas n eff 
was 1.6505 for ^=1.7. From Eq. (13), it is possible to derive the tuning range, AA, 0 , which is 
equal to 48.5 nm. 

Calculations of the effective refractive index of the fundamental propagation mode were 
20 carried out also for a structure equivalent to that of the example of Figs. 5(a) and 5(b), with 
the only difference that the grating thickness, t G , was taken to be 200 nm, instead of 30 nm as 
in the above examples. The variation of the effective refractive index was calculated to be 
0.02291 , which corresponded to AX 0 of 22.9 nm, less than a factor of two smaller than in the 
example of Figs. 5(a) and 5(b). This indicates that, within the structure of the type as shown 
25 in Fig. 1 , a grating having a small thickness is preferred in order to improve tunability as 
separation between the core layer and the tunable layer increases, thereby affecting the 
overlap of the fundamental mode into the tunable layer. As observed previously, a grating 
with such as a small thickness (e.g., 30 nm) is often technologically critical. 

Applicants have observed that inserting a layer, referred herein to as an intermediate 
30 layer, between the grating layer and the tunable layer could affect tunability. Figure 6 
schematically illustrates a resonant grating structure 14 including an intermediate layer 13 
placed between the grating layer 3 and the tunable layer 2. The intermediate layer should 
have refractive index less than that of the core layer. The same reference numerals are given 
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to elements of the resonant grating filter corresponding to those shown in Fig. 1 and their 
detailed explanation is omitted. 

An intermediate layer between the grating and the tunable layer may be envisaged in the 
design of certain resonant filters. For instance, the intermediate layer can be a light 
5 transparent conducting layer, e.g. made by indium tin oxide (ITO), to be used as an electrode 
for the control of the tunable layer. Alternatively, an intermediate layer may be interposed in 
order to improve the adherence of the light transmissive material forming the tunable layer to 
the underlying layers. In case the light-transmissive material is a LC material, an intermediate 
layer, made for instance of polymide, can be placed in contact with the LC as aligning layer. 

10 In Fig. 7, the tuning range of a structure of the type illustrated in Fig. 6 is shown as a 
function of the waveguide (core) thickness, t c , for different values of the thickness of the 
intermediate layer, the values ranging from 0 nm (i.e. no intermediate layer) to 200 nm. The 
tuning range is calculated using Finite Difference Time Domain software and by means of Eq. 
(13). Structural parameters considered in the calculation of curves are: An G /n G =0.26, A=950 

15 nm, n c =1.96 and n 3 =1.445 and t G =30 nm, and An^O.2, where ranges from 1.5 to 1.7. The 
intermediate layer is taken in this example to be made of Si0 2 . Results show that the tuning 
range decreases with increasing core thickness. In addition, for a given core thickness, tuning 
range decreases with increasing thickness of the intermediate layer. 

Results reported in Fig. 7 clearly indicate that tunability is significantly affected by the core 

20 thickness, t c , and/or by the presence of an intermediate layer situated between the grating 
layer and the tunable layer. In both cases, this is due to the fact that the center of the 
propagation mode in the waveguide becomes more distant from the tunable layer (normally, 
the fundamental mode is centered at about the core center) and thus cannot significantly 
overlap into the tunable layer and thus efficiently change the effective refractive index. 

25 By comparing the results illustrated in Figs. 2(a) to 2(c) with the results reported in Fig. 7, 
applicants have noted that a relatively thick core layer is desirable for relatively narrow 
bandwidth of the spectral response, whereas a relatively thin core layer is advantageous for 
wide-range tunability. As an example, by selecting a grating having An G /n G =0.04 and t G =200 
nm, the core thickness t c required in order to have a bandwidth at FWHM of 0.4 nm is of 

30 about 220 nm. However, such a core thickness implies a tuning range of 25 nm (structural 
parameters are assumed to be equal to those of the calculations illustrated in the above 
mentioned figures). This tuning range would be for instance not suitable for applications in 
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DWDM systems operating in the C-band wavelength region, for which a tuning range of at 
least 30 nm and preferably of not less than 40 nm is required. 

Applicants have found that by placing the diffraction grating on the opposite side of the 
tunable layer with respect to the planar waveguide it is possible to tailor the grating structural 
5 parameters to the desired bandwidth of the filter response without significantly affecting the 
tunability of the filter. In other words, a resonant structure including a waveguide placed 
between the grating and the tunable layer allows flexibility in the selection of a suitable 
grating structure having a relatively small coupling efficiency, as required for bandwidth 
resolution, while attaining the desired tuning range. 

10 The core layer can be placed close to the tunable layer, either in direct contact with the 
tunable layer or with one or more interposed relatively thin intermediate layer between the 
core and the tunable layer. The intermediate layer(s) should have a thickness such that it 
does not affect significantly the tunability, the maximum allowed thickness depending on the 
refractive index and on the thickness of the waveguide and on the refractive index of the 

15 intermediate layer. For example, for a 200nm-thick core layer of Si 3 N 4 and an intermediate 
layer of ITO (n=1.9), the thickness of the ITO should be not larger than 40 nm. Proximity of 
the core layer to the tunable layer implies that the propagation mode can partially extend into 
the tunable layer so that the effective refractive index is efficiently affected by variations of the 
refractive index of the tunable layer. 

20 Figure 8 schematically depicts a layer structure of a resonant grating filter according to a 
preferred embodiment of the present invention. Resonant structure 20 comprises a core layer 
28 formed over a diffraction grating layer 23 including low-index regions 21 and high-index 
regions 22, the refractive index contrast between the low- and the high-index regions being 
An G /n G . The grating layer 23 is formed over a buffer layer 24, which is optionally formed on a 

25 substrate 25. A cladding layer 30 is formed above the core layer 28, the cladding layer being 
formed of a tunable light-transmissive material, preferably of a LC material having a relatively 
wide range of selectable refractive indices. 

The refractive index of the core layer 28, n c , is larger than the surrounding layers to 
guarantee confinement of the optical modes in the waveguide. The refractive index n c is 

30 larger than the average refractive index of the grating, n G . 

The refractive index of the tunable material can be varied by changing an external 
parameter, e.g., the electric field provided by the application of a voltage (V) or the 
temperature (T). A suitable tunable material for the cladding layer is selected so that its 
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refractive index ni(V) [or rii(T)] remains smaller than that of the core in the entire voltage 
(temperature) range of interest for the functioning and tunability of the device. 

In case the tunable layer comprises an electro-optical material, the resonant strcture 
preferably includes transparent electrically conducting layers 26 and 29 are located on 
5 opposite surfaces of the LC layer. Alternatively, the two layers for contacting electrically the 
structure can be layer 29 and substrate 25, assuming of course that the substrate is 
conducting or semi-conducting (for instance made of silicon). Preferably, a glass plate 31 is 
placed as cover plate for the LC layer. 

With reference to Fig. 8, in a preferred embodiment, the low-index regions 21 of the 
10 grating are made of the same material as that of the buffer layer 24. 

Optionally, an intermediate layer 27 is formed over the core layer. An intermediate layer 
may improve adherence of the conducting layer 26, and/or its thickness uniformity, especially 
when made by sputtering or deposition. 

Optionally, there may be an anti-reflection coating over the cladding layer 30 and/or an 
15 anti-reflection coating between the substrate 25 and the buffer layer 24 (not shown). 

Although the diffraction grating is shown to have a rectangular configuration, other 
configurations can be envisaged for the periodic structure as long as the grating allows the 
coupling of optical radiation in the waveguide region. The diffraction grating should produce a 
periodic perturbation, either one-dimensional, as in the resonant structure of Fig. 8, or two- 
20 dimensional. Periodicity of the grating can be single or multiple and can be dependent on or 
independent of the polarization of the incident light. 

In case the tunable cladding 20 is made of an electro-optically tunable material, such as a 
LC material, wavelength selectivity is achieved by an electric signal. The resonant 
wavelength may be shifted by varying the voltage or current supplied to the electro-optically 
25 controlled material. When the electro-optical material is a LC material, the electrical signal 
provided for the functioning of the filter is an alternating voltage to prevent deterioration of the 
LC due to dc stress. Depending on the amplitude of the voltage applied to the conductors (in 
Fig. 8, conducting layers 26 and 29), the tunable filter reflects radiation only at a given 
wavelength 1 0 - Radiation at all other wavelengths passes through the resonant filter. 
30 Obviously, the minimum of transmittance occurs at Xo. 

Although theoretically reflectivity at X 0 is 100%, actual reflectivity of resonant grating filters 
is generally of 70%-95% because e.g. of losses originating from the substrate or the buffer 
layer, allowing a (small) portion of incident light to be transmitted. 
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The thickness of the LC material is preferably not larger than about 5 jam, more preferably 
of not more than 2 jam, being in a preferred embodiment of about 1 \xm. 

Although preferred, the tunable cladding does not need to be made of an electro-optical 
material. For example, the use of a thermo-optical material, such as polymer, can also be 
5 envisaged. The requirement for the material forming the tunable cladding is that it should 
have a refractive index that varies in a relatively wide range upon a variation of an external 
parameter, temperature (T) or electric field. For thermo-optical materials, in order to obtain a 
tunability of several nanometers for a reasonable temperature variation, the thermo-optical 
material should have a thermo-optic coefficient, dn/dT, of not less than 10" 4 /°C. A large class 
10 of LC materials exhibits an electro-optic coefficient sufficiently large to achieve a tuning range 
of a few tens of nm for a reasonable variation of electric field, typically not larger than 1-2 
V/|jm. The choice of a proper material, either electro-optical or thermo-optical, is of course 
dependent on the application, i.e., on the required tuning range. 

It is to be understood that in case of a tunable layer made of a thermo-optical material, 
15 only a conductor is necessary for thermal tuning. With reference to Fig. 8, only the conducting 
layer 29 (not conducting layer 26) would be necessary for tuning the filter. In addition, cover 
plate 31 is not necessary in case layer 30 is a polymeric layer. 

In a preferred embodiment, grating period A is selected so that only the first diffraction 
order is generated in the waveguide, i.e., the following condition should be satisfied: A > 
20 A^max/nc, where A, max is the largest wavelength of the range of interest, e.g., in case the range is 
the C-band, X max ~1570 nm. Preferably, the grating period should be selected so that the 
second order diffraction does not occur and there is coupling in the waveguide between the 
fundamental propagation mode and the first-order diffraction mode. This last condition can be 
expressed by the relation 



where A, min is the smallest wavelength of the range of interest, e.g., in case the range is the C 
band, X m i n ~1530 nm. 



25 




(14) 



As an example, for t c =200 nm, A may vary from about 800 to 1 050 nm. 
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In Figs. 9(a) and 9(b), a comparison is illustrated between the performances of a structure 
of the type of Fig. 3 and those of a structure of the type shown in Fig. 8, both structures 
having no intermediate layer between the tunable layer and the core layer. With reference to 
Fig. 3, no layer 10 is present and with reference to Fig. 8, no layers 27 or 26 are present. In 
5 Fig. 9(a), the bandwidth at FWHM is shown as a function of grating thickness for a structure 
of the type of Fig. 3 (thin solid line with filled squares labeled "grating above the core") and for 
a structure of the type illustrated in Fig. 8 (thick solid line with filled circles labeled "grating 
under the core"). In Fig. 9(b), the tuning range is reported as a function of the grating 
thickness. In the calculations, both structures have the following parameters: n c =1.96, 

10 n 3 =1.445, as that of the low-index grating regions, t c =200 nm, A=948 nm, An G /n G =0.04, and 
n-i=1 .5-1.7. The difference between the two structures is of course the position of the grating 
layer. Data shown of Fig. 9(a) for the structure with the grating above the core layer 
correspond to the data reported in Fig. 2(c) for t c =200 nm. Results of Fig. 9(a) clearly indicate 
that, at any considered grating thickness, the bandwidth at FWHM for the structure with the 

15 grating placed under the core layer is narrower than that of the structure having the grating 
between the core layer and the tunable layer. In addition, Fig. 9(b) shows that the tuning 
range is considerably larger for the structure with the grating placed under the core layer than 
for a structure with a grating layer above the core. 

It is important to note that the tuning range for the structure with the grating under the 

20 core remains approximately constant (at about 45 nm) in the considered range of grating 
thickness. On the contrary, for the structure with the grating above the core a dependence on 
grating thickness is observed. This implies that, in a resonant structure having a grating under 
the waveguide, tunability is less affected by fluctuations in grating thickness, due for instance 
to a finite accuracy related to the manufacturing process. Fabrication tolerances of the grating 

25 can thus be relaxed in case of a structure according to the present invention. 

Figure 10 shows a resonant grating filter according to a further embodiment of the present 
invention. In resonant grating filter 40, a buffer layer 47 is formed on substrate 49. High-index 
regions 50 are formed in the buffer layer so as to form a grating layer of thickness t G in which 
the low-index regions 53 correspond to the regions of the buffer layer laterally adjacent to the 

30 high-index regions. Optionally, a gap layer 51 with thickness t gap is formed on the grating 
layer, the gap layer being preferably made of the same material as the buffer layer. On the 
gap layer 51 (or on the grating layer) a core layer 46 is formed. An optional intermediate layer 
45 can be formed on the core layer. An electro-optically controlled tunable layer 43 is formed 
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above the core layer. An optional anti-reflection coating layer 48 is formed between the 
substrate 49 and the buffer layer 47. Transparent electrically conducting layers 42 and 44 are 
located on opposite surfaces of the tunable layer, preferably of LC material. Alternatively, the 
two layers for contacting electrically the structure can be layer 42 and substrate 49, in case 
5 the substrate is conducting or semi-conducting (for instance made of silicon). In case of an 
insulating substrate, such as glass, an electrically conducting layer can be grown on the 
substrate (in Fig. 10, in the position corresponding to optional layer 48) so that electric 
contact can be made between that conducting layer and conducting layer 42 (or 45). A glass 
cover plate 41 is placed on the tunablelayer 43. 

10 A gap layer may be preferably included in the structure in order to reduce the overlap of 
the fundamental mode on the grating, thereby reducing the coupling efficiency of the grating 
without changing the characteristics of the grating itself. 

Preferably, the resonant grating filter according to the invention comprises a grating 
having a relatively small diffraction efficiency. Figure 11 shows the bandwidth at FWHM as a 

15 function of the coupling efficiency, r\ dl as calculated using a commercial software based on 
the solution of the coupled wave equation for a structure of the type shown in Fig. 10. In the 
range of FWHM considered, the dependence of FWHM on r| d is to a first approximation 
linear. If the desired FWHM is of 0.4 nm, the coupling efficiency should be of 0.0015. A 
coupling efficiency ranging from about 0.001 to 0.002 correspond to a FWHM from 

20 approximately 0.2 to 0.5 nm. 

Applicants have noted that, for all resonant structures of the examples so far considered, 
the curve of bandwidth at FWHM vs. coupling efficiency does not appreciably change. It is to 
be understood that in the calculations grating thickness should be changed in order to have 
the same coupling efficiency for different values of An G /n G . For instance, a coupling efficiency 

25 of 0.0014 can be obtained by a resonant structure with grating above the core having 
An G /n G =0.26 and t G =25 nm; by a structure with grating below the core with An G /n G =0.04 and 
t G =200 nm; or by a structure with grating below the core and gap layer, in which An G /n G =0.04, 
t G =50 nm and t gap =100 nm. 

Within the context of the present invention, a diffraction grating is considered "weak", i.e., 

30 with a relatively small coupling efficiency, if T] d is not larger than about 0.0026. 

Figures 12(a) and 12(b) report the bandwidth at FWHM and the tuning range, 
respectively, as a function of the grating thickness for a structure of the type shown in Fig. 10 
for different values of thickness of the gap layer, t gap , ranging from 0 hm to 300 nm. Solid line 
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referring to t gap =0 corresponds to a structure with no gap layer, i.e., the core layer is formed 
directly on the grating layer. Structural parameters were the following: n c =1.96, n 3 =1.445, as 
that of the low-index grating regions, t c =200 nm, A=950 nm, An G /n G =0.26, and ^=1.5-1.7. 
Curves exhibit only a relatively weak dependence of the tuning range on the thickness of the 
5 gap layer, at least in the considered range 0-300 nm. It is to be noted that an increase in gap 
thickness can be considered equivalent in terms of optical performance to an increase in 
grating thickness. 

It is to be noted that in the resonant structure of the present invention there is no need to 
fabricate a grating with a relatively small thickness, i.e., smaller than 150-220 nm, to obtain a 

10 weak diffraction grating. On the other hand, if a relatively thin (e.g., 50 nm) grating is desired, 
the formation of the grating layer can be well controlled and reproduced because it is possible 
to define the grating thickness by means of the deposition process, e.g., by plasma-enhanced 
chemical vapor deposition. To reproduce the low- (or high-) index regions of the grating, an 
etching step is generally needed. Current etching techniques generally exhibit an absolute 

15 accuracy of at least 4-5 nm. This can be problematic if the grating layer is arranged above the 
core layer, as the core layer itself may be affected by etching. 

For comparison, the tuning range as a function of the grating thickness is shown in Fig. 13 
for a structure of the type of that depicted in Fig. 3, i.e., with the grating layer placed above 
the core layer and a gap layer between the core layer and the grating. Curves refer to 

20 different values of thickness of the gap layer, t gap , ranging from 0 nm to 300 nm. Structural 
parameters are the same as those of the calculations reported in Fig. 4. For a given grating 
thickness, a significant decrease of the tuning range is observed with increasing the thickness 
of the gap layer. 

25 Example 1 

Referring to Fig. 8, the buffer layer and the low-index grating regions are made of 
(undoped) Si0 2 having refractive index of 1.445; the high-index grating regions are made of 
SiO x N y having refractive index of 1.54; the core layer is made of Si 3 N 4 with refractive index of 
1.96. The grating thickness is of 220 nm, while the core thickness is of 200 nm. The tuning 

30 layer is made of nematic LC that has a refractive index ranging from 1.5 to 1.7. The grating 
period is of 948.5 nm in order to have a resonance wavelength at 1526 nm (lower limit of the 
C-band) for a refractive index of the LC material of 1.5. 
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The structure can be fabricated by utilizing standard technologies for the manufacturing of 
semiconductor devices. As an example, the layer of Si0 2 is deposited by PECVD on a Si 
substrate in order to form the buffer layer. The surface of the buffer layer is subsequently 
etched, e.g., by dry etching, to form trench regions that correspond to high-index grating 
5 regions 22 to be formed. Trenches are subsequently filled with SiO x N y . Alternatively a layer of 
SiO x Ny can be deposited on the substrate as buffer layer and then trenches corresponding to 
the low-index regions can be formed on its surface, which are subsequently filled with Si0 2 . 

The resulting surface (i.e., the grating upper surface) is then planarised. In a successive 
step, a layer of Si 3 N 4 is deposited by PECVD in order to form the core layer. A thin layer, not 
10 thicker than 40 nm, of Si0 2 can be optionally deposited on the core layer by PECVD. In a 
further step, a 30 nm-thick layer of ITO is deposited on the core layer or on the thin Si0 2 
layer. The LC cell is finally assembled on the top of the structure and terminated with an ITO 
layer and a glass plate. 

Tuning range of the resonant structure is of about 40 nm. 

15 

Example 2 

Referring to a structure of the type shown in Fig 10, the buffer layer and the gap layer are 
made of (undoped) Si0 2 having refractive index of 1.445; the high-index grating regions are 
made of Si 3 N 4 having refractive index of 1.96; the core layer is made of Si 3 N 4 with refractive 

20 index of 1.96. The grating thickness is of 50 nm, the core thickness is of 200 nm, and the 
thickness of the gap layer is of 300 nm. The tuning layer is made of nematic LC which has a 
refractive index ranging from 1.5 to 1.7. The grating period is of 950 nm in order to have a 
resonance wavelength at 1526 nm (lower limit of the C-band) for a refractive index of the LC 
material of 1.5. A glass plate of about 1 mm of thickness covers the LC cell. Transparent 

25 conducting layers made of ITO and being 20 nm thick are placed on opposite surfaces of the 
LC cell. Above the ITO layer placed on the core layer, a 20 nm-thick polymide layer is formed 
in order to align the LC material. 

Tuning range of this resonant structure is of 40 nm. 

The structure can be fabricated by utilizing standard technologies for the manufacturing of 
30 semiconductor devices. As an example, a layer of Si0 2 is deposited by PECVD on a Si 
substrate in order to form the buffer layer. Subsequently, a layer of Si 3 N 4 is deposited on the 
buffer layer. The Si 3 N 4 layer is subsequently etched, e.g., by dry etching, to form trench 



WO 2005/064365 



PCT/EP2003/014917 



23 

regions that correspond to the low-index grating regions to be formed. A layer of Si0 2 is 
deposited in order to fill the trenches and to form the gap layer of Si0 2 on the grating. 

This process has the advantage that a high accuracy in the etching step of the trenches is 
not necessary, and a slight over-etch of the trenches is possible. In this case, the accuracy of 
5 the grating thickness is defined by the deposition process of the high-index regions of Si 3 N 4 . 

In a preferred embodiment, the resonant grating filter according to the invention is used 
as a tuning element in an external-cavity tunable laser. The external-cavity tunable laser is 
particularly suitable as tunable light source in telecom applications, especially for WDM and 
DWDM systems, to generate the center wavelengths for any channel on the International 

10 Telecommunications Union (ITU) grid . 

Figure 14 schematically depicts an external-cavity tunable laser 60 comprising a tunable 
resonant reflecting filter according to the invention. Gain medium 61, preferably a 
semiconductor laser diode, comprises a front facet 62 and a back facet 63. Front facet 62 is 
partially reflecting and serves as one of the end mirrors of the external cavity. Back facet 63 

15 has a low reflectivity. It is typically coated with an anti-reflection coating (not shown). A 
collimating lens 64 converges the optical beam emitted by the gain medium onto a Fabry- 
Perot etalon (FP) 65, which has the modes locked to the ITU channel grid. The FP etalon 
functions as a channel allocation grid element, which is structured and configured to define a 
plurality of equally spaced transmission peaks. After the FP etalon 65, the beam impinges on 

20 a tunable resonant grating filter 66, which forms the other end mirror of the external cavity 
and together with the gain medium front facet defines the cavity physical length, L 0 . Tunable 
filter 66 serves as an end mirror of the laser cavity and will be also referred to as the tunable 
mirror. The tunable mirror is tuned to the desired channel frequency by selecting one of the 
etalon transmission peaks. 

25 In a preferred embodiment, the tunable mirror 66 is tuned electrically by varying the 
applied voltage supplied by a voltage generator 67. The applied voltage is an alternating 
current (AC) voltage. The lasing output wavelength of the laser is selected to correspond to 
the resonance wavelength X 0 of the tunable mirror. The tunable mirror 66 is a resonant 
grating filter according to one of the preferred embodiments of the invention. 

30 The laser system is preferably designed to produce substantially single longitudinal and, 
preferably, single transversal mode radiation. Longitudinal modes refer to the simultaneous 
lasing at several discrete frequencies within the laser cavity. Transversal modes correspond 
to the spatial variation in the beam intensity cross section in the transverse direction of the 
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lasing radiation. Generally, an appropriate choice of the gain medium, e.g., a commercially 
available semiconductor laser diode including a waveguide, guarantees single spatial, or 
transversal, mode operation. 

In a preferred embodiment, impingement of the beam is substantially perpendicular to the 
5 waveguide surfaces of the tunable mirror. 

In the laser system of Fig. 14, the tunable mirror serves as the coarse tuning element that 
discriminates between the peaks of the grid etalon. The FWHM bandwidth of the tunable 
mirror is not smaller than the FWHM bandwidth of the grid etalon. For longitudinal single- 
mode operation, the transmission peak of the FP etalon corresponding to a particular channel 
10 frequency should select, i.e., transmit, a single cavity mode. Therefore, the FP etalon should 
have a finesse, which is defined as the free spectral range (FSR) divided by the FWHM, 
which suppresses the neighboring modes of the cavity between each channel. For single- 
mode laser emission, a longitudinal cavity mode should be positioned over the maximum of 
one of the etalon transmission peaks (the one selected by the tunable mirror). In this way, 
15 only the specified frequency will pass through the etalon and the other competing neighboring 
cavity modes will be suppressed. 

The laser system according to the present invention is designed especially to provide fast 
switching over the entire C-band on the ITU 50 GHz or 25 GHz channel grid. 

If the laser system is designed for 50-GHz mode spacing, the reflection band of the 
20 tunable mirror should be not larger than about 0.6 nm in order to obtain an extinction ratio of 
at least 5 dB between neighboring channels. Preferably the bandwidth at FWHM of the 
tunable mirror is not larger than 0.4 nm. Tunability of the laser system over the C-band 
requires a tunable mirror having tuning range of at least 40 nm. 

For applications as tunable mirror in an external-cavity laser source for DWDM system 
25 with 25 GHz channel spacing, a bandwidth at FWHM comprised between about 0.2 nm and 
0.3 nm is preferred. 

A bandwidth at FWHM of less than 0.2-0.3 nm is less desirable in laser systems as it 
makes more difficult the alignment and control of the mirror in the laser. 

Alternatively, the resonant grating filter according to the present invention can be used in 
30 a tunable add/drop device for WDM and DWDM systems. For this application, design should 
be tailored, besides wide-range tuning, to narrow bandwidths, e.g., 0.1-0.2 nm, and low 
sidebands around the resonance wavelength, with extinction ratio of the lateral modes 
preferably not larger than -30 dB. 



